Paecilopeptin, a novel cathepsin S inhibitor, was produced and isolated from the culture supernatant of the fungal strain, Paecilomyces carneus. A spectroscopic analysis revealed the planar structure of paecilopeptin to be acetyl-Leu-Val-CHO. The stereochemistry of the constituent amino acids was analysed by chiral HPLC after oxidation and 6N HCl hydrolysis of paecilopeptin. The total synthesis of paecilopeptin was completed in six steps. Paecilopeptin inhibited human cathepsin S with an IC 50 value of 2.1 nM in vitro.
It has been shown that destruction of the invariant chain (Ii) by proteolysis was required for MHC class II molecules to bind antigenic peptides, and for transport of the resulting complex to the cell surface. 3, 4) Cathepsin S has been found essential in B cells for the eŠective Ii proteolysis that is necessary to render class II molecules competent for binding peptides. 5) Therefore, the inhibition of this enzyme may be useful in modulating the class II-restricting immune response. Control of antigen-speciˆc immune responses has long been considered desirable as a useful and safe therapy for autoimmune complaints such as Crohn's disease and arthritis.
In anticipation of the usefulness of the cathepsin S inhibitor as an anti-autoimmune disease agent, we screened new inhibitors against this enzyme from the products of microorganisms. The result of this screening enabled the isolation of the new compound, paecilopeptin, from a culture supernatant of the fungus, Pacilomyces carneus.
This paper describes the taxonomy of the producing strain, and the production, isolation, structural determination, total synthetic studies and biological activities of paecilopeptin.
Materials and Methods
General. Speciˆc rotation values were obtained with a Jasco DIP-140 spectropolarimeter. Mass spectra were measured with a JEOL JMS-SX102 A instrument in the FAB mode using a glycerol matrix, and UV and IR spectra were respectively recorded with a Hitachi U-3200 spectrophotometer and Jasco A-3 spectrophotometer. NMR spectra were obtained on a JEOL JNM-A500 spectrophotometer, with 1 H-NMR at 500 MHz and 13 C-NMR at 125 MHz. Chemical shifts are given in ppm, using TMS as internal standard.
Materials. Recombinant human cathepsin S was expressed by Sf21 insect cells by the baculovirus expression system and puriˆed as described.
6) The protease used was electrophoretically homogeneous and its molarity was determined by E-64 7) titration. The substrate, N-carbobenzoxy-L-Val-L-Val-LArg-AMC for cathepsin S, was purchased from Peptide Institute (Kyoto, Japan). The ‰uorescence was determined by using the ARVO system (Perkin Elmer). All other chemicals were of analytical grade.
Taxonomy. The em80 fungal strain was originally isolated from a soil sample collected at Takasaki-shi in Gunma Prefecture, Japan. Em80 was cultured on Czapek-yeast extract agar (CYA), malt extract agar (MEA) and oatmeal agar (OA) at 259 C for 7 to 14 days under the irradiation of black light. The color names are described according to the Munsell system. Production and isolation. Strain em80 was inoculated into a 500-ml Erlenmeyer ‰ask containing 100 ml of a fermentation medium consisting of 2.0z glucose, 2.0z malt extract, 0.1z peptone and 0.1z agar, the pH value being adjusted to 6.0 before sterilization. The fermentation was carried out at 259 C for 7 days on a rotary shaker.
After removing of the mycelia, the supernatant (5 liters) was extracted with EtOAc at pH 7.0. The organic layer was concentrated in vacuo and subjected to silica gel column chromatography [20×250 mm, silica gel 60 (Merck)] using CH2Cl2-MeOH (20:1). The active fractions (6.8 mg) were further puriˆed by LH20 chromatography [20×500 mm, (Sephadex) CH 2 Cl 2 :MeOH＝1:1] to yield 3.8 mg of paecilopeptin.
Oxidation of the aldehyde to carboxilic acid. The aldehyde residue of paecilopeptin was oxidized by the method of Eritone et al. 8) In brief, 1 mg of paecilopeptin was dissolved in 1 ml of 80z acetone. To the solution, 4 mg of NaIO4 and a catalytic amount of RuO2 were added. After stirring for 96 hours at room temperature, the solution was passed through Celite and concentrated to dryness.
Amino acid analysis. After this oxidation, paecilopeptin was dissolved in 1 ml of 6 N HCl, and the solution was hydrolysed at 1209 C for 24 hours. After concentrating to dryness, the paecilopeptin was dissolved in 0.2 ml of H2O and analysed with a chiral HPLC column (MCI CRS10W gel, 4.6 mm×50 mm) under the following conditions: solvent, 1.5 mM CuSO4 ・‰ow rate, 1 ml W min・detection, 254 nm. The amino acids were identiˆed by a comparison with calibrated amino acid enantiomers.
N-acetyl-leucine (2) . To a suspension of L-leucine (1 g) in 70z THF (150 ml) was added dropwise acetic anhydride (4 ml) while sonicating four times. The solution was evaporated to dryness to yield 2 (1.28 g). N-acetyl-leucyl-val-OtBu (3). To a solution of 2 (1.28 g) in CH2Cl2 (80 ml) were successively added LVal-OtBu・HCl (1.55 g), WSC・HCl (1.56 g) and HOBT・H2O (1.10 g). The reaction mixture was stirred at room temperature for 4 hours, before 80 ml of water was added to the solution while shaking in a separating funnel. The CH2Cl2 layer was concentrated in vacuo and puriˆed by column chromatography (silica gel, 120 g; CH2Cl2 W MeOH (5) . To a solution of 600 mg of 4 in DMF (10 ml) were added Nmethylmorpholine (0.24 ml) and chloromethylformate (0.22 ml). The mixture was stirred at 09 C for 30 min before 212 mg of NH-MeOCH3 and 0.24 ml of N-methylmorphorine in 5 ml of CH 2 Cl 2 were added. The reaction mixture was stirred at room temperature for 4 days. After concentrating in vacuo, the residue was puriˆed by column chromatography (silica gel, 100 g; CH2Cl2 W MeOH Enzyme assay. The enzyme activities were determined essentially as previously described. 9) Brie‰y, an inhibitor was serially diluted in 50 ml of a 100 mM potassium phosphate buŠer (pH 6.5) containing 100 mM Z-Val-Val-Arg-AMC, 5 mM dithiothreitol and 4 mM EDTA. The reaction was initiated by adding 25 ml of recombinant human liver cathepsin S (75 ng W ml). The mixture was incubated at room temperature for 20 minutes, and the ‰uorescence of AMC was measured (excitation W emission, 360 nm W 460 nm). The ‰uorescence of the reagent blank (without an enzyme) was subtracted from the test reading, and the system was calibrated with diŠerent concentrations of free AMC. All data are the average of triplicate determinations and all reactions were performed in microtiter plates.
Results
Taxonomy of the producing strain Strain em80 was isolated from a soil sample collected from Takasaki-shi in Gunma Prefecture, Japan. Its mycological features are described next.
1) Cultural characteristics
Colonies on Czapek-yeast extract agar (CYA), malt extract agar (MEA), or oatmeal agar (OA) grew slowly, attaining a diameter of 21-27 mm after 14 days at 259 C. The surface of the colonies was reddish white to pale orange (Munsell 10R9 W 2 to 5YR9 W 2), velutinous or often ‰occose, showing a powdery appearance with funiculose to coremial margins. The mycelia were grayish green or pale green (5GY8 W 4 to 5G8 W 4) due to the in‰uence from the reverse color. The exudate was colorless or pale yellow and small. The reverse was dark grayish green to dark green (5G2 W 4 to 10GY2 W 4), but some sectors also showed yellow shades (5Y7 W 10 to 5Y8 W 8). The pigment was nearly deep green (5GY5 W 8) or none.
2) Morphological characteristics
Conidiophores were born directly from the substrate mycelia or funicles of aerial hyphae, being 40-130 mm in height. They consisted of 2 to 5 branches of metulae (9-18×2.5-4.0 mm) in a vertical arrangement, with whorls of 2 to 5 phialides (10.0-22.0×3.0-4.0 mm). The phialides had a cylindrical main body with an abruptly tapered apex and a very long thin neck. The necks were arranged in a divergent manner. Conidia were in long tangled chains, subglobose to ellipsoidal, conspicuously spinulose, 2.5-3.0×2.0-2.5 mm and L W W 1.05-1.39 (average 3.0×2.5 mm, L W W 1.21). Chlamydospores were absent.
3) Identiˆcation
Colonies never showing true green that have welldeveloped penicilli, thick phialides with a long neck, and outwardly developed conidial chains are characteristic of the genus Paecilomyces. Among this genus, strain EM 80 was readily identiˆed as Paecilomyces carneus (Duch áe & Heim) Brown & Smith based on such distinct characteristics as the pinkish conidial area, dark green reverse, welldeˆned penicilli, and echinulate conidia, although the size of the conidia was slightly smaller (3-4× 2-2.5 mm; Samson, 1974). P. carneus is widely distributed in soil, and is known to produce penicillin N or iso-penicillin N.
Structural determination
Paecilopeptin (1) was a colorless powder with the properties listed in Table 1 . The molecular formula of 1 was determined to be C13H24N2O3 by HRFAB-MS. IR absorptions at 1649 and 1655 and 1736 cm Table 2 .
A detailed analysis of the 1 H-1 H and 13 C-1 H COSY spectra of 1 revealed the presence of units due to the leucine and valine in 1.
The HMBC experiment on 1 showed long-range coupling of 2?-H (dH 1.99) to C-1? (dC 170.3), and NOE was observed between 2?-H and leucine-NH (dH 5.98). Thus, the acetyl group was determined to be attached to the N terminal of the leucine unit. The HMBC experiment on 1 also showed longrange coupling of the aldehyde signal (1-H, Valal) to a-methine of the valine unit (dC 63.4). Therefore, the C terminal of the valine unit was conˆrmed to be aldehyde instead of carboxilic acid. Furthermore, NOE was observed between valine-NH (dH 6.66) and amethine of the leucine unit (dH 4.50). Theseˆndings enabled the structure of 1 to be determined as that shown in Fig. 1 .
To analyze the absolute conˆguration of the dipeptide, 1 was oxidized with NaIO4 and RuO2 to give the corresponding carboxylic acid, which was hydrolyzed by 6 N HCl. The stereochemistry of the resulting amino acids was examined by chiral HPLC. The retention times of the observed peaks are summarized in Table 3 . These results enabled the absolute conˆgura-tions of leucine and valine in the hydrolysate of oxidized 1 to both be determined as L.
Total synthetic studies
In order to prepare a large amount of 1 for further biological tests and to conˆrm the structure of 1, we produced a total synthesis of 1 by the scheme shown in Fig. 2 . Condensation of N-acetyl-L-leucine with Lvaline-OtBu gave the corresponding dipeptide by the conventional method in a good yield. After hydrolyzing the tBu ester with TFA, the C terminal of the dipeptide was converted to a Weinreb amide. 10) This amide was reduced with LiAlH 4 to give 1 in a high yield, whose spectral data were identical with those of natural 1.
Inhibition of cathepsin S in vitro 1 inhibited human cathepsin S dose-dependently with an IC50 value of 2.1 nM, E-64 and leupeptin 11) being used as reference compounds. Their IC50 values for cathepsin S inhibition were 64 nM and 5.2 nM, respectively. 1 did not inhibit cysteine protease caspase-3, even at 100 mM (data not shown).
Discussion
Paecilopeptin proved to be a novel cathepsin S inhibitor and contained an aldehyde group in the structure like leupeptin. As far as we know, theˆnding of this type of protease inhibitor from a fungus is being reported for theˆrst time. The inhibition eŠects of paecilopeptin on cathepsin B, K and L are being evaluated and will be reported in the future. Paecilopeptin is suggested as a candidate for a new anti-autoimmune disease agent.
